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The chemical events of excitation have received considerably less attention 
than their physical counterparts.  This comparative neglect can probably be 
explained by the remarkable suitability of physical methods for the study of 
short lasting phenomena, contrasting with the lack of chemical methods capable 
of detecting rapidly reversible changes. 
However, the importance of the chemical aspects of the excitation problem 
is more and more widely recognized, as witnessed by the increasing amount of 
work devoted to the ionic shift, the energy-yielding reactions, and other chem- 
ical changes associated with excitation. 
The present paper deals with alterations of proteins induced by stimulation 
of nerves and nerve centers. The over-all problem of the chemistry of cellular 
excitation will be surveyed in a review to be published (Ungar, 1957). 
A number of observations indicate a high rate of protein breakdown in nerve 
structures submitted to prolonged and intense stimulation (Soula, 1912, 1913; 
Soula and Faure,  1913; Hydra, 1943, 1955;  Geiger et al., 1953).  More subtle 
and possibly reversible changes in protein structure have been postulated  by 
Meyer (1937),  McElroy (1947),  Nassonov (1948),  and  Segal (1956)  without, 
however, the support of direct experimental evidence. It is believed that the 
experiments reported in this paper have produced some evidence in favor of 
reversible molecular rearrangements taking place in the proteins of stimulated 
structures. 
Methods 
Electrical stimulation was used in all experiments by means of a 60 cycle, 40 volt 
alternating current from a  Harvard  stimulator connected  to platinum electrodes. 
Frog and rat sciatic nerves were excised, placed in the appropriate  Ringer solution, 
and stimulated for the specified interval.  Stimulation of the cerebral cortex in cats 
and dogs was produced with the technique described by Geiger, Dobkin, and Magnes 
(1953) through electrodes placed on the brachial plexus. The unstimulated side was 
* Some of the results  reported  in this paper were presented  at the International 
Physiological Congress in Brussels (Ungar et al., 1956). 
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used as control. Rat cortex was stimulated by one electrode placed on each sciatic 
nerve. 
Stimulated tissues, as well as unstimulated controls, were frozen with dry ice con- 
tained in a metal cylinder closed with a copper plate at one end (Geiger et al., 1956). 
The frozen tissue was rapidly weighed on a Roller-Smith balance and ground up in a 
mortar with sand and saline. The tissue homogenate was kept 20 to 30 minutes in a 
water bath at 37.5°C.,  centrifuged, and its supernatant used for the protein studies. 
The criterion for modification of protein structure was based on the work of Cram- 
mer and Neuberger (1943) demonstrating a shift of the ultraviolet spectrum in urea- 
denatured proteins. In alkaline solution (above pH 12) these proteins showed a dis- 
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FIG.  1.  Side-group ionization ratio  in native and denatured fibrinogen. Bovine 
fibrinogen (fraction I  of Armour Laboratories) dissolved in 0.85 per cent NaC1.  N, 
native protein; U, protein denatured in 6 M urea for 2 hours at room temperature. 
Final concentration of solutions was 0.025 per cent. 
placement of the absorption  peak from 275 to 280 m# to 295 to 300 m~ and a marked 
increase of the extinction coefficient.  These observations have been confirmed and 
extended by Tanford and Roberts (1952). 
In the present experiments, tissue extracts were diluted to a  concentration cor- 
responding to 2 to 5 mg. of fresh tissue per ml. and their ultraviolet absorption was 
measured in the Beckman model DU spectrophotometer in the range of 230 to 320 
m/~, both at neutrality and at pH 12.0-12.3  (in 0.25 N KOH). It was thought that 
the results obtained with this method could, for the purposes of the present work, 
be adequately expressed  by the ratio O.D.pH 12/O.D.pH ~. This ratio will tentatively be 
called "side-group ionization ratio" (SGIR), for reasons discussed below.  Fig. 1 illus- 
trates the use of SGIR; it shows the ratio plotted against wave length in a solution 
of native fibrinogen and fibrinogen denatured in 6 M urea. Both native and denatured 
proteins show a peak in the 300 to 305 m~ region and another peak at 245 to 250 m~. 
The first peak corresponds, according to  current opinion, to  the  ionization of  the G. UNGAR,  E. ASCI:IHEI~[, S. PSYCHOYOS,  AND  V. D. ROMAIWO  637 
phenolic hydroxyl of tyrosine. The significance of the second peak will be discussed 
in a  later section. As seen in Table I, all proteins investigated show these two peaks 
of the SGIR and the peaks are increased by urea. Denatured trypsin showed increase 
only at 300 to 305 m#. 
Protein breakdown was estimated by measuring the ultraviolet absorption of tissue 
extracts at 280 m~ before and after precipitation by trichtoracetic acid (at the final 
concentration of 5 per cent, centrifuged at least 1 hour after addition). The results 
are expressed in per cent TCA--soluble fraction. Total concentrations of protein are 
given in terms of optical density units per milligram of fresh tissue. 
Protease activity of brain extracts was  measured  in  terms  of the hydrolysis of 
N-acetyl-T.-tryptophan ethyl ester  1 by a manometric method in the presence of 0.015 
• r bicarbonate in atmosphere of 95 per cent N  and 5 per cent CO~ (pH  =  7.4). The 
Fibfinogen.. 
Bovine  v-globulin.. 
Bovine fraction III. 
Trypsin. 
Horse serum albumin. 
TABLE I 
Side-Group loni~.ation Ratios (SGIR 
245 In#  250 nl~ 
N*  D$  N  D 
4.49  6.52  4.78  6.92 
6.42  6.70  7.28  7.70 
4.76  5.59  5.26  6.30 
8.05  7.85  8.80  7.83 
6.02  7.50  6.85  8.70 
of Some Proteins 
275 m~  S00 r~ 
N  D  N  D 
0.94  1.22  2.87  5.02 
1.11  1.18  4.22  5.41 
1.11  1.20  2.95  4.65 
1.35  1.35  4.22  5.90 
1.32  1.73  4.69  6.36 
305 m# 
N  D 
3.88  5.73 
6.00 10.0( 
3.08  6.32 
5.77  9.0( 
4.38  6.3C 
* Native. 
Denatured in 6 ~  urea for 2 hours at room temperature. 
substrate concentration was 0.005  ~. The reaction proceeded linearly for at least 1 
hour and  the results are expressed in micromoles of substrate hydrolyzed per hour 
per gram of fresh tissue. 
Whenever results are given in mean values, these are followed by their standard 
deviation. Significance between means was  calculated by Student's t  test and  the 
degree of significance is expressed in terms of the probability (P)  that  the means 
belong to the same population. 
1. Sciatic Nerve.--The first series of experiments was done with frog sciatic 
nerves. After destruction of the brain and spinal cord, both sclatics were ex- 
cised, rapidly weighed, and each placed in 2 ml. of Ringer solution (for frogs). 
After about 15 minutes' rest, one nerve was stimulated electrically for a definite 
interval while the other was kept as a  control. Both were frozen with dry ice 
before extraction; the stimulated nerve was frozen while still stimulated. Each 
1 Prepared by Dr. S. L. Shapiro  of the Department of Organic Chemistry, U. S. 
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experiment represents the pooled extracts from four frogs.  Fig.  2  shows  the 
mean SGIR plotted against wave length in the control nerves, the stimulated 
nerves, and in a  control nerve extract in which the proteins were denatured in 
6  M urea.  In frog sciatic,  stimulation caused an increase of the SGIR at 300 
m#.  At  245  In# the  stimulation  had  no  effect although  the  SGIR could  be 
raised  by urea.  Table II lists  the  ratios obtained  in  individual  experiments 
with varying duration  of stimulation.  Even 5  seconds' stimulation increased 
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Fro.  2.  Mean SGIR of frog sciatic nerve extracts from resting nerves (C), stimu- 
lated nerves (S), and after urea denaturation of a resting nerve extract (U) (see Table 
II). 
the  ratio;  shorter  stimuli did not prove practicable under  the  conditions  of 
the experiment. The difference between the mean SGIR of control and stim- 
ulated nerves was found significant. 
Similar experiments were performed with rat sciatic nerves taken from rats 
killed by decapitation.  The nerves were kept in mammalian Ringer solution, 
two pairs of nerves were used in each experiment, and the duration of stimulus 
was 30 seconds in all experiments. In all other respects, the technique was the 
same as in the frog experiments. 
Table III summarizes the results and shows that at 254 m# the SGIR was 
consistently and significantly higher in stimulated nerves than in the controls. 
At 305 m# the effect was more irregular. The differences would be valid even 
without statistical analysis since the control and stimulated nerves come from O.  UNGARy  E.  ASCHHv:[M,  S.  PSYCHOYOS~  AND  D.  V.  ROMANO  639 
Ultraviolet Absor 
Duration of 
stimulus 
$~. 
5 
10 
10 
30 
60 
120 
120 
Mean.. 
+  S.D.. 
P. 
TABLE II 
}tion (300  m#)  in Resting and Stimulated  Frog Sciatic  Nerve  Extracts 
Neutral 
0.152 
0.168 
0.179 
0.162 
0.150 
0.149 
0.150 
Contr~ 
O.D. 
Alkaline 
0.236 
0.253 
0.220 
0.241 
0.220 
0.218 
0.222 
0.230 
SGIR 
1.55 
1.53 
1.23 
1.50 
1.47 
1.46 
1.48 
1.45 
0.11 
Neutral 
0.148 
0.170 
0.151 
0.134 
0.168 
0.152 
0.145 
0.153 
Stimulated 
O.D. 
Alkaline 
0.252 
0.282 
0.281 
0.322 
0.341 
0.413 
0.309 
0.314  0.159 
A 
SGIR 
SGIR 
1.72  0.17 
1.67  0.14 
1.87  0.64 
2.40  0.90 
2.03  0.56 
2.71  1.25 
2.13  0.65 
2.05  0.60 
0.38 
0.01--0.001 
TABLE III 
Effect  of Stimulation on Rat Sciatic Nvrve 
Side-group ionization ratio 
No.  254 r~  305 m~ 
Control  Stimulated  A  Control  Stimulated  A 
Mean .......... 
-I-  S.D  .......... 
P .............. 
1.41 
1.56 
1.41 
1.41 
1.33 
1.27 
1.35 
1.41 
1.39 
0.08 
1.89 
1.89 
1.67 
2.17 
1.74 
1.89 
1.79 
1.79 
1.85 
0.16 
0.001 
0.48 
0.33 
0.26 
0.76 
0.41 
0.62 
0.44 
0.38 
0.46 
1.61  1.49  --0.12 
1.47  1.51  0.04 
1.81  1.92  0.11 
1.41  1.94  0.53 
1.59  1.75  0.16 
1.49  1.92  0.43 
1.75  1.89  0.14 
1.37  1.43  0.06 
1.56 
O. 16 
1.73 
0.22 
0.17 
Duration of stimulus 30 seconds. 
the same individuals and the results can be paired. Fig. 3  shows the spectrum 
of SGIR in control, stimulated, and urea-denatured nerve extracts. 
The results just  described  indicate  that  electrical stimulation causes  some 
modification in nerve proteins which can be detected by an increase, at certain 
critical  wave  lengths,  of  the  ultraviolet  absorption  of  alkaline  extracts.  It 
remained important to ascertain whether these changes were not due, in some 640  PROTEIN MODIFICATIONS IN EXCITATION 
way, to the direct action of the electrical current on the nerve. In some experi- 
ments, discarding portions of the nerve directly in contact with the electrodes 
failed to influence the results. 
2. Cerebral Cort~x.--The direct effect of the electric current could be elimi- 
nated by afferent stimulation of a  nerve center. This was done in the sensori- 
motor  area  of  one  hemisphere  excited  through  electrical  stimulation  of  the 
brachial plexus; the same area of the opposite hemisphere was used as control. 
In cats,  anesthetized  with  nembutal,  the brain was exposed and  the  control 
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FIG.  3.  Mean SGIR o£ rat sciatic nerve extracts from resting nerves (C), stimulated 
nerves (S), and after urea denaturation of a resting nerve extract (U) (see Table III). 
cortex was  frozen and  excised.  Immediately afterwards,  the  brachial plexus 
was stimulated for 30 seconds and the corresponding cortical area frozen and 
removed. The samples of cortex were then treated as described above. 
Table IV shows  the  results  of  these  experiments.  It was not  entirely un- 
expected  that  the  resting  SGIR should  show  wider variations in  the  cortex 
than in the isolated nerve. If each experiment is considered as having its own 
control, stimulation consistently resulted in rise of  the  SGIR at 245  and  300 
m/z. The mean ratios were significantly different at 300 m# but not at 245 mr. 
Fig. 4 shows the SGIR-spectrum and the effect of urea on the cortical extract. 
It also shows the averages of four similar experiments performed in dogs; here, 
the effect of stimulation was less marked than in cats. Experiments involving 
stimulation  of  the  brain  were  also  done  in  rats,  in  conjunction  with  other 
studies. These experiments will be described in a  later section. O.  UNGAR~ E.  ASCtt~IJ~IM~ S.  PSYCHOYOS~ AND  D.  V.  ROMANO  641 
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FIG.  4.  Mean SGIR of extract of cerebral cortex. Resting cortex (C), after stimu- 
lation of the corresponding bracbial plexus  (S), urea-denatured cortical extract (U). 
Left, cat brain (see Table IV); right, dog brain. 
TABLE  IV 
Effect of Afferent Stimulation  (Brachlal Plexus)  on Cerebral Cortex of Cats 
No. 
Contml 
245 m~ 
Side-group ionization ratio 
Stimulated 
1  2.21  2.38 
2  2.05  2.88 
3  2.07  2.46 
4  2.86  3.15 
5  1.79  2.06 
6  2.40  2.78 
7  1.70  2.09 
Mean ........  2.16  2.54 
-4- s.D  .......  0.39  0.41 
p  ...........  0.2-0.1 
A 
0.17 
0.82 
0.39 
0.29 
0.27 
0.38 
0.39 
0.39 
Control 
1.68 
1.82 
1.47 
1.61 
1.39 
1.30 
1.22 
1.50 
0.22 
300 mo 
Stimulated 
1.83 
2.47 
1.70 
1.67 
1.82 
1.78 
1.43 
1.81 
0.22 
O. 05-0.02 
0.15 
0.65 
0.23 
0.05 
0.43 
0.48 
0.21 
0.32 
Duration of stimulus 30 seconds. 642  PROTEIN  MODIFICATIONS  IN  EXCITATION 
3. Recovery  after  Stimulation.--If  the  changes  described  in  the  preceding 
sections are to play any role in the mechanism of excitation,  they have to be 
reversible  after  cessation  of  the  stimulus.  Experiments  were  therefore  per- 
formed to test the reversibility of the phenomenon. Frog and rat sciatic nerves 
were treated as described above, except that the isolated nerves were divided 
into three groups: (a) unstimulated controls, (b) stimulated for 30 seconds and 
frozen immediately, and (c) stimulated for 30 seconds and rested for a specified 
interval before freezing. In cat brain, both brachial plexuses were stimulated 
TABLE  V 
Reversibility of Protein Changes Produced by Stimulation 
Tissue 
Frog sciatic* 
lc  cl 
lc  cl 
Rat sciatic~ 
cc  lc 
cg  c~ 
Cat brain~ 
cc  cl 
c¢  c~ 
Recovery period 
2 mill. 
c~  cc 
c¢  cc 
30 see. 
1 m~, 
cg  lc 
2 mira 
II  II 
2 rain. 
cc  cc 
cc  c¢ 
Control 
1.40 
1.27 
1.43 
1.42 
1.42 
1.30 
1.37 
1.52 
1.33 
1.53 
2.02 
1.58 
1.65 
Side-group ionization ratio 
Stimulated 
2.11 
1.88 
1.77 
1.54 
1.72 
1'76 
1.81 
1.85 
1.80 
1.88 
2.50 
1.83 
2.03 
Recovered 
1.42 
1.28 
1.27 
1.23 
1.59 
1.65 
1.30 
1.50 
1.28 
1.47 
1.98 
1.57 
1.57 
Duration of stimulus 30 seconds. 
* SGIR at 300 m~. 
SGIR at 245 m/~. 
for  30  seconds;  one  seusorimotor  area  was  frozen  and  excised  immediately 
after stimulation  while  the  opposite  side  was frozen after a  rest  interval  of 
2 minutes. An unstimulated control sample was taken from the parieto-occip- 
ital zone. 
The results of these experiments are summarized in Table V. It is seen that 
the frog sciatic recovers completely from the effects of the stimulus within  2 
minutes. The mean SGIR of four experiments is shown in Fig. 5. In rat sciatic, 
the rest interval varied from 30 seconds to 2 minutes. Apparently, at 30 seconds 
the recovery was not complete but at 1 and 2 minutes, the SGIR returned to 
normal. In cat brain, the reversal was also complete (Fig. 6). 
4. Protein Breakdown in Stimulated Nerve.--It was shown by Hyd~n (1943, 
1955)  that  prolonged  stimulation  of  nerve  centers  produced  a  depletion  in 
protein and  nucleoprotein.  Since this phenomenon has not  been described  in G. UNGAR~ E.  ASCHHJ~:[M:) S,  PSYCHOYOS~ AND D.  V.  ROMANO  643 
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FIG.  5.  Mean SGIR of frog sciatic nerve extracts from resting nerves (C), stimu- 
lated nerves (S), and stimulated nerves allowed to rest for 2 minutes (R) (see Table V). 
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FIG.  6.  Mean SGIR of cat brain extracts; from restiug cortex (C), after stimulation 
of corresponding brachial plexus (S), and after stimulation followed  by 2 minutes' 
rest (R) (see Table V). 644  PROTEIN  MODIFICATIONS  IN  EXCITATION 
isolated  nerve,  experiments  were  undertaken  to  find  out  whether  electrical 
stimulation of isolated rat sciatic nerve gave rise to protein breakdown. 
The nerves were treated as described in the preceding section but stimulation 
was maintained for 30 minutes after which they were ground up with the Ringer 
solution in which  they had  been  placed during  the  stimulation  so  that  any 
protein  or  breakdown  product which  may have  leaked  out  from  the  nerve 
would be included in the extract. Resting control nerves were similarly treated. 
TABLE VI 
Protein Breakdown in Stimulated Rat Sciatic Neroe 
No. 
Mean .... 
4- S.D.. 
P.. 
Control 
Total protein 
O.D./mg. 
0.110 
0.110 
0.110 
0.111 
0.111 
0.099 
0.1085 
TCA-soluble 
fraction 
per cent 
31.8 
33.2 
32.7 
32.4 
36.0 
38.4 
33.1 
2.8 
Stimulated 
Total protein 
O.D./mg. 
0.107 
0.116 
0.116 
O. 110 
O. 115 
O. 105 
0.116 
0.114 
O. 110 
0.115 
O. 1124 
TCA-soluble 
fraction 
p#r cent 
39.1 
41.3 
40.6 
42.3 
43.9 
43.8 
39.6 
43.4 
45.5 
44.0 
42.2 
2.1 
0.02-0.01 
Duration of stimulus 30 minutes. 
Table VI shows that prolonged stimulation causes a  significant increase in 
acid-soluble material having the ultraviolet absorption characteristics of pro- 
tein.  This was interpreted  as a  measure of protein breakdown  in  the  tissue. 
The process is not immediately reversible since,  in this experiment, the nerves 
were not frozen and several minutes elapsed between  the end  of stimulation 
and the extraction. 
5. Structural  Changes,  Protein  Breakdown,  and  Proteolytic  Activity  of  Rat 
Brain.--The experiments which follow were intended to study the relationship 
between proteolysis and changes in protein configuration and also to find out 
whether an enzymatic factor was involved in these processes.  The presence of 
proteases in  brain has been described by Kies and Schwimmer (1942)  and by 
Ansell and Richter (1954).  A protease was found in rat brain which acts on the 
synthetic  substrate,  N-acetyl-L-tryptophan ethyl  ester.  Brain  extracts from G.  UNGAR, E.  ASCHHEIM~ S.  PSYCHOYOS~ AND D.  V.  ROMANO  645 
other  species did  not  hydrolyze  this  substrate.  Hydrolysis of the  ester was 
measured by the manometric method as described above. Protein breakdown 
and the SGIR were determined in the same extracts. 
As  seen  in  Table  VII brain  extracts  from resting  rats  anesthetized  with 
nembutal (cortex removed after freezing) showed a fair amount of proteolytic 
activity: 10.9 #~t of substrate hydrolyzed per hour per gm. of fresh tissue; the 
acid-soluble  fraction was  14.2  per cent  of the  total  protein.  After  electrical 
TABLE VII 
Protease  Activity,  Proteolysis,  and  SGIR  in  Resting  Rat  Brain 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Mean.. 
±  S.D. 
Protease 
~,x~  / hr./  gm. 
6.3 
13.4 
13.2 
13.7 
14.8 
7.2 
11.4 
9.4 
6.9 
12.5 
12.0 
9.9 
10.9 
2.9 
Total protein 
O.D./mg. 
0.111 
0.101 
0.082 
0.108 
0.134 
0.121 
0.121 
0.108 
0.105 
0.105 
0.110 
0.014 
TCA--soluble 
fraction 
~er Cent 
!5.8 
16.8 
12.3 
13.1 
12.4 
15.1 
10.5 
8.4 
12.5 
12.3 
12.9 
2.5 
245 m~ 
1.48 
1.64 
1.57 
1.34 
1.56 
1.52 
0.  II 
SGIR 
300 m~ 
m 
1.31 
1.60 
1.36 
1.24 
1.34 
1.37 
0.14 
stimulation of the central end of both sciatics for 20 minutes,  the proteolytic 
activity increased over 100 per cent, total protein content of the brain decreased 
with increase of the acid-soluble fraction, and the SGIR rose (Table VIII). 
When  the brain was stimulated for 1 minute only (Table IX), no protein 
breakdown took place:  the total protein content and  its acid-soluble fraction 
remained unchanged.  There was, however, a  small but significant increase in 
protease activity and a rise in SGIR. It appears therefore that short stimulation 
produces only structural alterations of the protein molecule, actual breakdown 
taking place only with prolonged excitation. The increase in protease activity 
even with short stimulation suggests that configurational changes may represent 
the first stage of the same enzymatic process. This point will be discussed later. 
6. Significance  of the Side-Group Ionization Ratio.--As mentioned above, the 
modification in the ultraviolet absorption of alkaline solutions of proteins was 
explained by Crammer and Neuberger (1943) and Tanford and Roberts (1952) 546  PROTEIN  MODIFICATIONS IN  EXCITATION 
by the ionization of the phenolic hydroxyl of tyrosine. In native proteins, some 
of these side-groups are free, others linked to neighboring peptide chains by 
H  bonds,  salt linkages, or other forces. When the protein is denatured, these 
bonds are ruptured and the previously bound side-groups  become free and 
ionized. This shifts the ultraviolet absorption of tyrosine in alkaline solution 
TABLE VIII 
Protease Activity, Proteolysis,  and SGIR in Rat Brain Stimulated  for 20 Minutes 
No. 
Mean  .... 
q- S.D.. 
P. 
Protease 
~,u  /kr./gm. 
23.4 
19.7 
25.4 
25.9 
23.9 
23.2 
21.2 
22.8 
23.2 
2.0 
<0.001 
Total protein 
O.D ./mg. 
0.106 
0.071 
0.072 
0.098 
0.105 
0.102 
0.092 
0.016 
0.05-0.02 
TCA-soluble 
fraction 
poe ¢~t 
22.1 
23.7 
14.4 
15.0 
18.2 
25.7 
19.8 
4.6 
0.02-0.01 
SGIR 
245 m,~ 
1.90 
1.85 
1.74 
2.06 
1.71 
1.85 
0.14 
0.01-0.001 
300 m~ 
1.41 
1.69 
1.40 
1.63 
1.48 
1.52 
0.14 
0.2-0.1 
TABLE IX 
Protease Activity, Proteolysis,  and SGIR in Rat Brain Stimulated for 1 Minute 
No. 
Mean  ............ 
..4-  S.D ............ 
.P .............. 
.pt .............. 
Protesse 
,u /~./g,~. 
15.6 
19.2 
13.8 
14.3 
14.6 
19.5 
16.7 
18.1 
16.4 
2.1 
O. 05-0.02 
<0.001 
Total protein 
O.D./mg. 
O. 112 
O. 106 
0.113 
0.104 
0.094 
0.108 
0.115 
O. 130 
0.110 
0.009 
O. 05-0.02 
TCA-soluble 
fraction 
per cenl 
11.1 
8.6 
8.3 
14.9 
13.9 
12.7 
11.2 
11.5 
11.5 
2.3 
<0.001 
245 m~ 
1.74 
1.87 
1.90 
1.83 
1.87 
1.77 
1.78 
1.89 
1.83 
0.06 
<0.001 
SGIR 
30om~ 
1.42 
1.72 
1.54 
1.66 
1.65 
1.50 
1.43 
1.53 
1.58 
0.10 
0.05-0.02 
P, compared with controls. 
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from 275-280 m# to 295-300 m~ and greatly increases its extinction coefficient 
in the latter zone. 
No reference could be found in the literature to the similar shift observed at 
245 to 250 m~. A  number of amino acids were therefore examined in the ultra- 
violet spectrophotometer at neutral and alkaline pH.  The  technique  was the 
same as that described above for the protein solutions and the nerve extracts. 
The  concentration  at  which  the  various  amino  acids were  examined  varied 
with their extinction coefficient. 
TABLE X 
"Ionization Ratio" of Amino Acids and Some Other Compounds Present in Nerve Tissue 
Tryptophan  ....................... 
Tyrosine*  .......................... 
PhenyiaIanine  ..................... 
Cysteine*  ......................... 
Cystine ........................... 
Histidine  .......................... 
Lysine  ............................ 
Arginine  .......................... 
Ghtamic acid ..................... 
Glutamine ........................ 
Serine ............................ 
Hydroxyproline  .................... 
ATP*  ............................. 
Thiamine* ........................ 
5-Hydroxytryptamine*  ............. 
Acetylcholine  ...................... 
Histamine  ......................... 
245 m~ 
0.96 
84.00 
1.47 
150.00 
2.11 
77.00 
1.67 
4.55 
1.19 
1.51 
2.10 
5.88 
1.09 
5.10 
1.88 
1.79 
66.70 
Ionization ratio at 
275 m~ 
1.06 
0.92 
1.56 
11.90 
1.35 
5.00 
0.53 
0.65 
1.09 
1.59 
0.68 
1.67 
1.15 
3.07 
0.89 
0.97 
1.56 
300 rap. 
2.37 
4220.00 
3.27 
3.12 
1.82 
4.35 
0.66 
1.22 
1.33 
2.50 
0.85 
2.22 
4.~ 
93.50 
4.88 
1.21 
1.00 
* Eu >  1000 at pH 12. 
The results are listed in Table X  in terms of the ratio of optical densities read 
at pH 12 and pH 7. It seems that two conditions must be fulfilled by an amino 
acid to explain the SGIR phenomenon: it has to have a  high extinction coeffi- 
cient at least in alkaline solution (E~ >  1000) and the ratio between absorptions 
at alkaline and neutral pH has to be at least of the order of 100. The first con- 
dition is fulfilled only by tryptophan, tyrosine, and cysteine. Tyrosine satisfies 
the second condition at 300 m~ (to a  lesser extent at 245 m~) and cysteine at 
245  m/~.  This,  or  course,  does not  mean  that  the  side-groups of  these  two 
amino acids are the only ones to ionize in the denaturation process; but that 
they are the only ones which can be detected by the present method. 
Table X  also shows the behavior of a  few compounds which,  although not 648  PROTEIN  MODIFICATIONS IN  EXCITATION 
amino acids, are present in nerve tissue and might conceivably play a  role in 
the SGIR phenomenon. ATP, 5-hydroxytryptamine, and thiamine have high 
extinction coefficients but  the ratios are  too low,  except for thiamine. The 
concentration of the latter, however, is probably not high enough for detection 
in the amounts of tissue used in the present experiments. 
To further test the probable role of tyrosine and cysteine, varying amounts 
of these amino acids were added to a rat sciatic extract. Fig. 7 shows that 12.5 
pg. of cysteine HC1 per rag. of nerve produces a high SGIR at 245 m#. Even 
less tyrosine (0.5 #g.) is required to produce a similar effect at 300 m~. 
SGIR 
4  GYSTEI  NE  HGI 
240  260  280  300 
TYROSINE 
240  260  280 
/ 
\ 
! 
3OO 
(  m ~) 
FIG. 7.  Effect of the addition of cysteine or tyrosine to rat sciatic extract on the 
SGIR. Left, addition of cysteine HCI; right, addition of tyrosine (micrograms in 4 
ml. of extract corresponding to 3 rag. of nerve). 
These results suggest that the two peaks of SGIR which increase in excited 
nerve structures correspond to the ionization of tyrosine and cysteine. Ioniza- 
tion of cysteine is known to be  a  more complex phenomenon than that of 
tyrosine; it is not reversible by reacidification and probably involves oxidation 
of the --SH group (Steinhardt and Zaiser, 1955). 
Hydrolysis of proteins would also cause increase of the SGIR. However, as 
was  shown in rat  brain,  a  short stimulation causes only ionization of side- 
chains, without detectable proteolysis. 
DISCUSSION 
The results reported in this paper suggest that during the state of excitation 
some molecular rearrangement takes place in the cell proteins. The criterion 
used for the estimation of this protein change would indicate that it consists 
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protein,  are inaccessible. It is widely assumed that these side-groups are linked 
together by bonds which are essential for maintaining the unique configuration 
of each protein.  When the bonds are broken,  the specific, strictly ordered con- 
figuration of the "native" protein gives place to a looser, more random struc- 
ture which characterizes the "denatured" state. 
There is sufficient evidence  today for believing that denaturation is a  re- 
versible phenomenon  and that native and reversibly  denatured proteins may 
be present together in equilibrium  (Anson and Mirsky, 1933-34; Anson, 1945). 
There is a great deal of indication that native and denatured forms may be 
different but equally "physiological" states of the same  protein (Green  and 
Neurath,  1953). It is  questionable  whether the  term  "denatured," with its 
original connotation of an unphysiological state, is the proper designation for a 
modified but still functional form of the protein molecule. 
It is therefore conceivable that the stimulation causes a displacement  of the 
equilibrium  towards denaturation. With intense  and prolonged  stimulation, 
a further step may be reached with rupture of peptide bonds and breakdown 
of the molecule. While the first stage  is readily reversible, recovery from the 
second stage is probably effected only by synthesis of new protein. Palladine 
(1956) found, by measuring  the rate of incorporation  of labelled methionine, 
an increased turnover of proteins in stimulated brain. 
It is not clear how stimulation brings about the molecular rearrangement of 
cell proteins.  Segal (1956) assumes that the first effect of the stimulus is to 
lower  the pH,  bring the proteins closer to  their isoelectric point,  and thus 
produce  partial  denaturation.  This  denaturation  disrupts  the  coacervate 
which, according to Segal, is the normal state of the resting protoplasm.  Part 
of the energy released by these processes gives rise to the electrical  changes 
and the rest is used for the restoration of the coacervate  and of the native 
protein configuration. 
Some of the results of the present work suggest  that the first stage of de- 
naturation may be enzymatic. Linderstr~m-Lang (1952) has pointed to the 
probability that  the first  stage  in  the  enzymatic breakdown of proteins  is 
denaturation. Hydrolysis starts only when the enzyme can reach  the peptide 
groups made accessible by denaturation. It is therefore  theoretically possible 
for a protease  to stop at the denaturation phase before breaking  any peptide 
bonds ("zipper type" of Linderstrflm-Lang).  Some results  obtained with  rat 
brain, reported above, seem to support this assumption. 
If the mechanism  of the phenomenon is enzymatic, it still remains  to be 
found how the enzyme becomes active. There is at least one enzyme precursor, 
protyrosinase,  which is known to be converted into the active enzyme by de- 
naturation (Bodine, 1945). It is therefore possible that the stimulus acts first 
by denaturing a protease  precursor  and thereby activates it. The enzyme, in 
turn, denatures the other proteins which play a role in the excitation process. 
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of a  very high order  (Johnson  et  al.,  1954). Certain types of denaturation, 
however,  behave differently: denaturation itself has a  negative heat of reac- 
tion and  it  is  renaturation that absorbs  energy (Linderstrem-Lang, 1952). 
The thermodynamic aspect of the problem is of the utmost importance bemuse 
excitation must proceed  by an exergonic reaction.  Under  physiological  con- 
ditions, the energy supplied by the stimulus can only act as a trigger.  It has 
therefore to be assumed with Segal (1956) that the net result of the denatura- 
tion caused by stimulation is release of energy and consequently renaturation 
requires energy. 
It was seen that restoration of native protein does not take  place  in the 
nerve extract but it does occur in the intact structure if it is allowed  to rest. 
This can probably be explained  by assuming  that the metabolic  sources  of 
energy required for restoration are not available in the extract. 
Some physical changes observed  in stimulated structures, such as increase 
in viscosity (Flaig,  1947) and in opacity (Tobias,  1952), are compatible  with 
denaturation.  Increased  absorption  of  ultraviolet  radiation  (especially  at 
265  m~)  observed  at  the  nodes  of Ranvier of single  myelinated neurones 
stimulated electrically  (yon Muralt, 1953), may also be indicative of change 
in protein structure. 
One  can only speculate  on the connections  between  protein structure and 
concentration of ions in the cell. Meyer (1937) suggested  that ionization  of 
--COOH and --NH2 groups in the surface proteins would control the perme- 
ability of the cell to  cations and anions.  In Ling's fixed charge  hypothesis 
(1952), accumulation of K + in the cell depends on the preferential binding of 
this ion by the proteins.  If the native configuration  of these proteins breaks 
down,  the fixed charges can be occupied indiscriminately by Na  + or K + and 
the net result would be loss of K + and gain of Na  + by the cell. Restoration of 
the native state would reverse the process. On the whole, such a system has a 
great deal in common with the "pump" hypothesis. If Na  + is kept out of the 
cell because it cannot be accommodated by the native proteins,  the metabolic 
process which maintains and restores  the native configuration can be called a 
"sodium pump," without unduly stretching the point. 
Mirsky (1936) has suggested that the bleaching  of visual purple has many 
of the properties  of reversible denaturation. Wald and Brown (1951-52) have 
followed  the  effect  of light on rhodopsin  by amperometric titration of the 
--SH groups  and were impressed  by the fact that the unmasking of these 
groups  gave rise  to measurable  electrical  variations.  It remains  to be  seen 
whether similar  results would  be  obtained if the Ag  +  of the amperometric 
system were replaced  by physiological ions. It is also a matter of conjecture 
whether the sulfhydryl groups  play a  special role,  as also  claimed  by Kos- 
toyanc (1956), or whether other ionized groups can take part in the phenom- 
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The anology with rhodopsin also suggests the possibility that the "excitable" 
protein is linked to some non-protein moiety (e.g. phospholipids)  which breaks 
off when the protein is denatured by stimulation. Such a possibility is supported 
by a number of unconnected observations (LiUie, 1922; Folch and Lees, 1951; 
Geiger eta/., 1956). 
The results reported in this paper indicate that stimulation causes structural 
changes in proteins. However, the role of this phenomenon in the mechanism 
of excitation depends on the possibility that  denaturation  and  renaturation 
can take place within  the temporal limits of a  single  nerve impulse.  In the 
meantime,  it may be premature for a  "denaturation hypothesis" to compete 
with the membrane theory for the explanation of the mechanism of excitation. 
SUMMARY 
Changes in the configuration  of proteins were studied by the modifications 
of the ultraviolet absorption of their alkaline solutions.  These were expressed 
in  terms  of  the  ratio  O.D.pm~/O.D.puT, termed  side-group  ionization  ratio 
(SGIR). This ratio showed two peaks; one at 300 to 305 m/z is known to cor- 
respond to the phenolic  hydroxyl of tyrosine and another at 245 m/z seems to 
be caused by the ionization  of the sulfhydryl group of cysteine. 
The  SGIR  of  extracts  from  electrically  stimulated  nerve  structures  was 
found to be consistently and significantly  higher than that of similar  extracts 
from resting  tissues.  The phenomenon was observed in isolated nerves  (frog 
and rat  sciatic)  stimulated in ~/tro and  in the cerebral cortex of cats, dogs, 
and rats after stimulation of their afferents. The increase in SGIR was reversible 
if the stimulated structures were allowed to rest. 
Prolonged stimulation, in addition to causing structural changes, also caused 
breakdown of proteins and the appearance of proteolyfic activity. The latter, 
studied on a synthetic substrate, could be detected even after shorter stimuli, 
together with confignrational  changes but without proteolysis. 
The structural  changes detected with  the spectrophotometric method  are 
closely related to reversible denaturation  as produced by urea. The changes 
probably involve rupture of hydrogen bonds which loosens  the protein mole- 
cule and perhaps changes its affinity for different ions. It is possible that such a 
process may play a role in the mechanism of excitation. 
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